Abstract Co-based catalysts were prepared by using dielectric-barrier discharge (DBD) plasma as an alternative method to conventional thermal calcination. The characterization results of N2-physisorption, temperature programmed reduction (TPR), transmission electron microscope (TEM), and X-ray diffraction (XRD) indicated that the catalysts prepared by DBD plasma had a higher specific surface area, lower reduction temperature, smaller particle size and higher cobalt dispersion as compared to calcined catalysts. The DBD plasma method can prevent the sintering and aggregation of active particles on the support due to the decreased treatment time (0.5 h) at lower temperature compared to the longer thermal calcination at higher temperature (at 500
Introduction
Fischer-Tropsch synthesis (FTS) attracts growing interest due to the decline of the crude oil reserve. Cobalt-based catalysts appear to provide the best compromise between performance and cost for the synthesis of hydrocarbon from syngas [1∼3] . Therefore, many efforts have been made to improve the catalytic performance of cobalt-based catalysts [4∼9] .
It is well known that the particle size and dispersion of the active metal components of a catalyst are very important for catalytic performance [10∼12] . Conventionally, metal particle sizes are controlled by adjusting the metal loading or calcination temperature. GIRAR-DON et al. [13] reported that low temperature decomposition of precursors usually leads to higher cobalt dispersion. Plasma techniques are introduced for the purpose of low temperature decomposition of the catalytic precursor. A lot of work has been done [14∼18] using glow discharge plasma to decompose Ni, Fe and Co nitrate and it has been found that plasma treatment could increase the metal dispersion as compared to the thermal calcination method. However, current literature has seldom reported investigations of the effect of DBD plasma on the catalytic performance of cobalt catalysts.
In this study, cobalt catalysts supported on silica gel and carbon nanotubes (CNTs) were prepared, and DBD plasma was applied in the preparation of the catalysts to decompose the cobalt nitrate precursor. Catalysts prepared by conventional thermal calcination were used as a comparison. The catalysts were characterized by a range of techniques and the catalytic performance of FTS was investigated in a fix-bed microreactor.
Experiment

Catalyst preparation
Silica gel (20∼40 mesh) and CNTs (20∼30 nm) were used as support materials. Before Co loading, untreated CNTs, denoted as raw-CNTs, were refluxed in 65wt.% HNO 3 for 6 h.
Catalysts containing 20 wt.% Co were prepared by using the incipient wetness impregnation method with an aqueous solution of cobalt nitrate (Co(NO 3 ) 2 ·6H 2 O). After drying, each sample was divided into two parts. For Co/CNT, one part was calcined at 200
• C for 5 h in argon atmosphere using a muffle furnace (CWF13/13, Carbolite, UK) with a temperature rate of 1
• C/min, and the other was treated by DBD plasma [19] . While for Co/SiO 2 , one part was calcined at 500
• C for 5 h in air using the muffle furnace with a temperature rate of 1
• C/min; the other was treated by DBD plasma [19] . DBD plasma method The DBD plasma treatment was conducted with an argon flow of 50 mL/min at a power of 40 W using the DBD plasma equipment shown in Fig. 1 . To obtain a uniform decomposition, the DBD plasma treatment was conducted in two steps. The sample was first treated with DBD plasma for 10 min, followed by stirring with a glass rod. Then it was treated by DBD plasma for another 20 min. Catalysts treated by thermal calcination and DBD plasma are denoted as C-Co/SiO 2 , C-Co/CNT, and PCo/SiO 2 , P-Co/CNT, respectively.
Catalyst characterization
The specific surface area, pore volume, and average pore size of the as-prepared catalysts were measured using a Micromeritics Tristar-3000 system. Prior to the experiment, the sample was outgassed at 300
• C for 4 h. Adsorption of N 2 was carried out at ∼196
• C to obtain adsorption-desorption isotherms. The BET surface area and pore size distribution were calculated with the BET equation and BJH equation, respectively.
The reduction behavior of the as-prepared catalyst was studied by temperature programmed reduction (TPR) using a Micromeritics AutoChem 2910 system equipped with a thermal conductivity detector (TCD). A 10% H 2 /90%Ar mixture (30 mL/min) was introduced and the sample was heated to 970
• C with a ramp of 10
• C/min. Morphologies of the catalysts were characterized by using a Philips TECNAI G 2 F20 transmission electron microscope.
X-ray diffraction (XRD) patterns of the samples were recorded on a RigakuD/max-2500 X-ray diffractometer using Cu/K α radiation (40 kV, 200 mA) with a scanning range of 2θ = 10
• ∼ 90 • .
Catalyst evaluation
The FTS performance of the catalyst was evaluated in a fixed-bed microreactor. Prior to the reaction, the catalyst was reduced in-situ at 400
• C for 10 h in a hydrogen flow. In a typical catalytic test, syngas (H 2 /CO = 2) was introduced with argon as the internal standard. The wax and water mixture product was collected in a hot trap (170
• C), and the oil and water were collected in a cold trap (−4
• C). Effluent gaseous phase products were passed through an Agilent 6820 GC equipped with TCD and FID for online analysis. The liquid product and solid wax analysis were performed on a SP 3420 GC equipped with a FID. In this work, the CO conversion (X CO ) and hydrocarbon selectivity (S ) were calculated on carbon basis [19] . Reaction conditions: H 2 /CO = 2, T =230
• C, P =2.0 MPa, HGSV =1800 h −1 .
3 Results and discussion
N 2 -physisorption results
The BET specific surface area, pore volume and average pore size data of the supports and cobalt catalysts are listed in Table 1 . The BET specific surface area, pore volume and average pore size of P-Co/CNT and P-Co/SiO 2 catalysts are all larger than the corresponding C-Co/CNT and C-Co/SiO 2 catalysts. The results suggest that the plasma treatment could maintain a larger specific surface area. LI, et al. [20] obtained the same result on a plasma treated Ni/SiO 2 catalyst. 
TPR results
TPR is an effective method to study the reduction behavior of catalyst samples. The H 2 -TPR profiles of calcined and DBD plasma catalysts are shown in Fig. 2 . For C-Co/CNT, the reduction peaks at 296
• C and 422
• C are attributed to the two reduction steps of Co 3 O 4 to Co, via a medium of CoO, while for PCo/CNT, the corresponding reduction peaks are at 290
• C and 401
• C, respectively. In the TPR profile of C-Co/CNT catalyst, the peak at 170
• C is the decomposition of residual cobalt nitrate, while no such peak is detected in the P-Co/CNT TPR profile, suggesting that DBD plasma could decompose cobalt nitrate completely. Theoretically, the area of the reduction peak of Co 3 O 4 to CoO is two times larger than that of CoO to Co, indicating that after calcination or DBD plasma treatment, cobalt nitrate is completely translated to Co 3 O 4 (the two reduction steps: Co 3 O 4 + H 2 −→ 3CoO + H 2 O, and CoO + H 2 −→ Co + H 2 O). However, in the TPR profile of P-Co/CNT catalyst, the reduction peak area of Co 3 O 4 to CoO is obviously smaller. So we speculated that on the Co/CNT catalyst, a fraction of cobalt existed in the form of CoO after DBD plasma treatment.
(a) C-Co/CNT, (b) P-Co/CNT, (c) C-Co/SiO2, (d) PCo/SiO2 Fig.2 The TPR profiles of the catalysts
There are three distinct hydrogen consumption peaks in both TPR profiles of C-Co/SiO 2 and P-Co/SiO 2 catalysts. The first and the second peaks are attributed to the reduction of Co 3 O 4 to CoO and CoO to Co. The third peak around 740
• C is the reduction peak of CoSiO 4 due to the strong metal-support interaction. Compared with the SiO 2 supported Co catalyst, the CNT supported Co catalyst not only decreased the reduction temperature (about 40
• C) but also prevented the formation of a hard-reducible cobalt compound, suggesting decreased metal-support interaction, increased active sites and, therefore, increased catalyst activity, as discussed later. In addition, for both Co/SiO 2 and Co/CNT catalysts, plasma treatment shifted the reduction peaks to lower temperature.
TEM results
TEM images of the catalysts are illustrated in Fig. 3 . It can be seen clearly that the size of the cobalt particles of the conventional thermally calcined catalyst is much larger than that of the DBD plasma treated catalyst. Cobalt existed as cobalt clusters on Co/SiO 2 so that the cobalt dispersion of Co/SiO 2 was obviously lower than that of Co/CNT. The results confirmed that the sintering and aggregation of cobalt particles occurred during the long calcination step. The plasma process was very quick and was conducted at lower temperature, and thus prevented the catalysts from sintering and aggregation.
XRD results
The XRD patterns of different catalysts are shown in Fig. 4 . We can see clearly that the XRD patterns of C-Co/SiO 2 and P-Co/SiO 2 are almost the same and Co 3 O 4 is found on these catalysts. However a considerable intensity of the CoO peak was detected in PCo/CNT. In agreement with the result of TPR characterization, the result in XRD confirmed again that after plasma treatment, not only Co 3 O 4 but also a fraction of CoO existed on the P-Co/CNT catalyst. 
FTS performance
The FTS performance of the catalysts was investigated in a fixed-bed microreactor for 34 h. The evolution of the CO conversion and product selectivity with the time on stream of the catalysts are shown in Fig. 5 . We can see clearly from Fig. 5 that on both Co/CNT and Co/SiO 2 catalysts, the plasma treated catalysts show a significantly reduced induction time compared to the conventional thermally calcined samples. The CO conversion and product selectivity in a steady state, after initial 15 h of operation, are shown in Fig. 6 . It can be seen that the CO conversion and C 5+ selectivity on P-Co/CNT and C-Co/CNT catalysts are nearly the same while they are obviously higher than those on Co/SiO 2 catalysts. For Co/SiO 2 catalysts, the DBD plasma treated catalyst showed enhanced activity, C 5+ selectivity and catalytic stability compared to the conventional thermally calcined one. These are attributed to the easier reducibility and the higher cobalt dispersion, as confirmed by TPR, TEM and XRD results. 
Conclusion
In conclusion, DBD plasma treated catalysts had much easier reducibility and higher dispersion compared to the conventional thermally calcined ones. DBD plasma treated catalysts showed a reduced induction time on both Co/CNT and Co/SiO 2 catalysts, and enhanced activity, C 5+ selectivity and catalytic stability on Co/SiO 2 . DBD plasma is a quick and energyefficient process, which provides an alternative method to prepare supported catalysts.
